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111, INTRODUCTION

Under USAMERDC Contract DAAKQ2-72.C-0472, Sundstrand has been developing an organic
Rankine cycle, 1.5 KWe, 28 VDC, portable silent power plant. A summary of the specitication
requirements is presented 1n Table 11-A. To date, two (2} development sets have been delivered to
USAMERDG, Ft. Belvoir, Va. The development of Set 1 1s deseribed 1in Sundstrand Report ATR
1182, 6-24.74; the tollowing report describes the development of Set 2. The following introductory
paragraphs summarize the results of Set | development and the baus for improvements planned for
Set 2.

Table HV-A Specification Requirements

1.5 KW, 28 VOC, Closed Rankine Cycle

Portable, skid mounted

Sitent at 100 meters

Capable of withstanding extremely hard utage encountered in mulitary held apphication umulated

by tree fall flat and end drop (18 and 12 inches respectively), vibration, raitroad impact at 10 mph

and in trangt roact test

Locally or remote station startup within 10 minutes by an integral stored energy source and a

manual or external energy source

65°F to +125%F ambient temperature, any humudity

Mimimum 3000 hours operating hfe

Minimurm 7.5% Set efficiency at 1.5 KW ocutput

Masimum 150 Ib. dry weight

Maximum 8 cubne toot velume

Mulu fuel operation

Inchined operation, 31%tom horizental

Ninimure 98% Set rehabibity

Start and operate at 1.5 KW ina rain and wird (121n:0F and 40 mph regpectively)

4% voltage requlation, 2 seconds recovery time, 2% voltage stability, 26-34 valts adjustment, 3%

voltage ripple, adjusiable current limit, J0% voltage dip and nse, overtaad of 110% and overspesd

of 128%

8 Deugn tor human peeformance and engirecring

® Najor cemponent charactertstics

® Baier Burner Heatup to ogerating lermperature and pressure 10 thrée Minutes, eguipped with
automatic controls, electrical puwer supplied trom alternatass

® Working Fluud Cireulating Systerm  1actudes eondenser, preheater if required, feed pump. N
uaniticant working tluid toes for twa years of 10,000 houes of aperation

® Theottie Valve Used ta eantrol vapor flaw

® (avernor Required to sease aRd CORtFO! engine soeed ta cescntially a coaetant level

® Condensas  Muyst B2 compact, Hight weidit, vapos ta aif using blawer{sl.

® Regeneeatar  Utitize it averall eyele efficiency ean be mpeoved

® | ubrication Syster’ ABust be suitahife boF mauiAg Basta and hermietically sealad toe cagae

® Alrernator  To be Brushiess aad Rave 3 statie excitalion system

© Fuel System  1RCTLLes g, DA souree, Rtedral fusl PufRp eagable ot PuMPIgG TGUGEH 3 28
teat line with a sie fOGE SIatic GUETIOR head, lngy, filter 3 Gaaitive thutott

® Eattery and eRargee

o CunAtrals for pretaure, shoed, ARG o BEwee CORLITIOAIAY
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SET 1 DEVELOPMENT SUMMARY AND CONCLUSIONS

The program cunsisted of:
® Packaqed development Set and treadboard controls
® Limited component and subsystemn testing
® No breadboard system testing

in termy of development etfort, some of the critical subsystems of Set No. ) resulted in:
® Air/Fuel System developed - more than 100 hours of eperation
® Turbine development - 2900 hours of béaring testing
o Breadboard control system demonstrated/operationat

A signiticant ammount of set testing resulted 1y
® 69 hot tests
® 15 hours of hot testing on the turb:ogiternator, regenerator and condenser
® 20 hours of hot testing on the heater and burner
® 75 hours of operatwn on all aceessories

There were several nuisance types of problems eacountered throughcut the Set 1 developmant

penad, some of these were resolved, There were major proeblems whieh were dentitied, wicluding
potential solutions. Thete prevented complete seit-contamed operation and tull power cutput trem

beuwy dermonstrated and are listed below
® | ow turtine perfarmaaee
@ Apgareat low Birbine exigust tefpetature

® Steuctyral lonibulity of the wrbute balance gwernbly and Mobael!

® Pirut pump performance

It was tesonstigtend that low turies portortanie was priffiarily due to a0 fargy pacing of the
turbie Bostlos cRC COMfEEHng the would cialiie at lest 83% OF precisted ke power 1O De
chwved Frgure 1111 shows the dita tor che Set No. | Ralzie plate and a tesl AQ2ZIe plate with
cloas spand (toucRIRG edge- t odee) Ao2stes (Figure 1L Q. With the e¢xecplion of the aae powat
takien from st daty, oll dota gfe fue Bt cOMINCUMT OA 3 teb!d I uNRG BIGR [feRiuEe AILFGHER *

dFive the Lsbine 1t gan Be won thgt the Gogaal AGHe plate produced 8% of the predwten
wrbine ctficioicy. By teduciag e Ao22le Nigiing the tUMARAC Gowe o CoNtLOUR Fathed than
WWECFRETECAE QFivIg San SHFGah g8 th whoe FOtata toxt vach AG2e. The fenslt & 5 wibstaatul
reste 1A Trlibe T Rngy

b -

ESES

s §

e e

[

rei—




7
o NOTE: EYCEPT 7. WHIL: IS CP.25 SYSTEM TEST DATA
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The resultant proje.ted system performance with the modified nozzie ulate 1s shown in Figure 11l 3
to be 1.1 KW net output at an average 8 . active nozzles which corresponds to the maximum How
that the system can support. The burner has overfire capability but of unknown extent. However, at
10 acive nozzles (the himit of the present design), 1.47 KW net output power can be produced
Whether this can be achieved s dependent upon the extent of the overfire capatuhity, the heat
exchangers, the achievable reduction in parasitic power and the turbine pump characteristics.

Another problem was low turbine exhaust iempersture It was hypothesized that quenching of the
turbine exhaust was occurring due to fluid mugrating from the pitot pump area. Shitting the prir
pump from the turthne wheel end of the assembly weould permit any leakage to tail 1o tha hotwel
The Set No. 1 and revised configurations are shown in Fagure ili 4.

Also, the flexibihity ot the turbine balance assembly and hotwell, or the CRU {combined rotating
unit), has resulted in rubbing at the turbine wheel hub and pitot pump housing regrong  These have
all been light and non-damaging mn nature but nonetheless result in undesirable noise, vikration and
power consumption, Improved balancing, an mgrease in the shatt diameter and noncantilevered
mounting of the turbine balance assembly in the hotwell have shown by test to be an improvement.

SET 2 IMPROVEMENT PLAN

The tollowine improverments were considered advantageous to ncorporate 1into Set No 2 wruen
comprises the basis of this report

CRU redesign Includes o new, close spaced no2zle plate,

stittening of the forward and aft hotwed!

Rousings, larger diameter shafe, shifting e

Pt pump att and moviag the bending critnagl

speedy above the 55 000 rpm operating spoed.
Buost purip Imgroving the eapabihity of the Boust putig
eperate Wit d boahing fluid will ienprave
OPEFation MGFGIA.
Nowze reduction Several soufees of emirted AGke 19¢iude the
CRU (nousing rewonenee) gR geeeston s sutth
2 condentzs fan and earbo s, should be
iefititied ol Falced 10 Eeptabie loval,

Contral vilves - Sticking of the coaticl valves apsedss 10 be

Felaled D cleardnio, COAtaMARNGR o coil
si2e, fefiabiility 6F OPRE:TION SROUQ be
HRGFOWR TRFOUGR COFFRCTIRN.
Pockaged coatralies The peescat (Set No. 1) bregathboard caatralics
shouid B posiEgeit 0 & contiguration
CORGILEEHE walh MOURIAG i The UAE
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SET NO. 1

(OPERATES SUPERCRITICAL
LENGTH = 12 35 INCHES
REF EP 2659 1001

B 10a 32 .

REVISED
OPERATES SUBCRITICAL
LEMGTH = 13 38 INCHEDS
WEF EP 5505901

Figuen 114 Bt K. § oid Rewned CRU Coatiguigtion
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Parasitic power

Accessory power 1 constderably higher than

R T

hank NN

i

£ ram

P

pom pemmamem ygon

reduction
desi ed and those areas where reduction is
readily achievable should be investigated.
Startup The Set No. 1 startup method involves ;
retaining pressure in the accumulator from the
shutdown and/or pressurizing as required to H
the desired level by the handpump. Both %
)
stdrt pressuce and start flow valves must be i
extremely leak tight. Other approaches, which 3
may be umpler, e.qg., start pump assisted i )
starts, should aiso be investigated. e
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IV _SUMMARY

This report is a summary of the development of a 1.5 KWe, 28 VDC organic Rankine cycle power
plant. It specifically describes the degree of progress made between Set 1 and Set 2. Set 1 was
described in Report ATR 1182 and delwered to USAMERDC at Ft. Belvoir in the first quarter of
1974. Set 2 is described in this report and was delivered in the first quarter of 1975,

Figure IV-1 is a photo of Set 2. Table IV-A summarizes its characteristics and Table IV-B is a
summary of the 1.5 KW organic Rankine cycle modification benefit matrix. The Set is a low volume
(~2" x 2" x 2'), low weight (212 Ib), multifuel (demonstrated on MIL-T-5161 primary fuel and
W-F-800 alternate fuel) machine that has had several improven.ents incorporated. Relative to Table
V-8B these include all of Item 1.0, 2.0, 4.0, 5.0, 6.0, 7.0 and part of 8.0.

Except for battery start, the set is self-sufficient. Gutput power has been as high as 477 watts. The
set has not achieved design power (1.5 KW) primarily due to heat losses and shunts within the
machine, slightly lower than design turbine efficiency and lower pitot pump efficiency. Of these,
the p'tot pump predominates. A small effect in low output power is due to the regenerator
effectiveness and heater efficiency being lower on Set 2 than that demonstrated on Set 1.

The lower pitot pump efficiency is attributed to changes in the pump housing and the pitot probe
between Set 1 anc Set 2. When designing the pump for Set 2, an approach thought to not
tunctionally impact the pump performance was followed to reduce fabrication cost. This has proved
to be detrimental.

Set 2 is a functional power plant. its deficient output power needs correction through improvement
in the performance of the components contributing most to the problem. Table 1V-C summarizes
these improvements and the resuiting output power using actual test data presented in this report as
a basis.

Other areas in need of further development include automatic startup and noise level, neither of
which meet specification requirements although improvements have been made in both areas in
progressing from Set 1 to Set 2.

Other areas where improvements have been made include control valves that are free from sticking,
a significant reduction in parasitic power (approximately 76 watts), and an improved boost pump.

Set 2 is a significantly improved functiona! unit compared to Set 1 and represents a considerable
step towards evolving a portable multifuel, 1.5 KWe, 28 VDC, silent power plant.
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Tabie IV-A  Power Plant Characteristics
Production Prototype Package
|
Weight: 212 1o,
Volume: 1.7 cu. 1.
. . i
l Performance: Tests show potential tor thermal efficiency of 10.4-13.9% 1‘
Durability: in accord with specification l
Operation: 1500 hrs. on CRU bearings ’
60 hrs. on accessories each Set P
20 hrs, on hermetic system each Set ;
Demaonstrated multi-fuel capability '
Packaged controls demonstrated : l
1
' Other: Reduced gearbox noise {Set 2 lower than Set 1) ) !
. | Reduced start complexity (Set 2 less complex than Set 1)
! Reduced parasitic power {Set 2 lower than Set 1) i
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Table iV-C  Improvementy

lmprovements

Turbine: Increase 1ap ratio to raise turtune efficiency from
rud-50's to design point of 62%,; requires no R&D.

Pitot Pump:  loerease efficiency by reducing drag, recirculation
le sses and housing effects through examination of
vifiables experimentally,

Regenerator:  Lower effectiveness of Set 2 compared to Set 1
hy pothesized due to sidewal! leakage; design to

eliminate.

Heater: Lower n of Set 2 compared to Set 1 hypothesized
du to manutacturing QC; improve and ¢go to fin-tube
denign.

Performance Expections
Qutput Power

At yt - .98 .35-.65 KW (met)
Piuas reduced heat loss .38-.68

Plus design regenzrator etfectiveness .60-.85

f tus design pitot pump efficiency 1.1-143

Plus design heater efficiency 1.2-1.57

Plus inereased ‘uel flow 1.5 KW (net)

System thermal etficlency (based on HRV)  10.4-11.8%

Output power ;mprovernant would also be achieved 10 a variety of other ways ineluding
reduced paras.tics, improved rectitier efficienty and inereased generator pertormance.
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V. DESCRIPTION

A general description is presented, followed by a description of how Set No. 2 differs from Set No.
1.

The Set uses a supercritical closed loop organic Rankine cycle with CP-25 as tha working fluid.
Figure V-1 shows a working fluid flow schemat - and corr sponding TS dagram.

The general overall mechanical arrangement of the Set is shown in Figure V-2 with some of the
details 1n Figure V-3. All of the components are mounted to a common support plate which is
shock mounted t-om the main support structure. The condenser regenerator, battery/instrument
compartment, and condenser fan are located in the upper portion of the unit. Tha rest of the
components are located in the lower section,

Protectinn of the uriit from rough handling is provided by a tubular frame surrounding the unit. For
turther protection, including envirunmental conditions, covering and weather cap are provided. The
weather cap s aluminum with 2 layer of sound absorption matenal bonded to the inner side. The
upper cover is a fiberglass shroud while the lower covering consists of five panels of an
aluminum/rubber honeycomb composite. These materiais provide protection as well as reduce
emitted noise.

Easy access to all mterface points 1s provided though the Set 1s tightly packaged. Beth the burner
exhaust and cooling air tlow merge in the umit and exit through the opening betw.een the upper
paruon of the shroud and the weathigr cap. When operating in an enclosure where warm air exhaust
15 10 be used as space heat, the busner exhaust can be separstely ducted away.

Agags o the cmeratar interface points is provided through the hinged front door. This area exposes
the Rt rrank, hand pump, manual valves, fuei reservoir and fuet tilter. The battery door is also
tnged for aceess and battery replacement. Electrical and tugl hook-up points are sceessible
externally since these conneetors wrotrude thr Wb recesses 10 the sule panels. For maintenance
put pOses, all panels may be removed using a Lrewslsives,

A systern sehematic of Set No. 1 i shown in Figure V-4, and Figure V-5 luatrates the schematie for
Set No. 2 along with identitication of instrumentation. Figure V8 15 a turetional sehematie of the
working flutgd portion of the system. It can be seen that for Set No. 2, the aecumulators, 3 hat
valve, the start prassure valve, a eheck valve, the haad pump and the air compreisor solenniy valve
Have been elirminated. Instead of a pressurized aecumulator start, a start pum@ is used which reduces
the start eomplenity coasideeably. Table V-A 15 o weight sumrwry of Set 2,

The eoatroller af Set 2 1s shightly ditterent to that of Set 1 due to the component changes wwd
develogmient imaraverngats as the tallowng list indicates:
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Table V-A  Set 2 Weight Summary

Combustor Extension +Sight Tube . . . .. .. ... ... ... ..... 3.450 1b.
Hot Gas Filter . . . . . . . . o i e e e e e e e e 1.450 Ib.
Shutoff & Contro! Solenoid Valve (S.B.1.264ea.) ... ... ... ... ... 3.795 lb.
Boost Pump (Gear TYPe) . & . v v v v i e e e e e e e e e e e 1.812 b,
Boost Pump Inlet & Outlet Plumbing + Fittings . . . . . .. .. ... ..... 0.700 Ib.
Constant Frequency Fan . . . . . . . . . . . . e e 0.063 ib.
Condenser Qverpressure Switch . . . . . . . . . . s e e e 0.5121b.
Start Pump (.700), Motor (5.013), Coupling (3.000*) . . .. ... .. ... . <713 Ib.
Shutoff Hot Gas & Fill Hand Valves {1.000ea.) . ... ... ... ... .. .. 2.000 Ib.
Battery and Gage BoX . . . . . . . .o e e e e e e 2.870 Ib.
N-—C Battery (9.637), Retainer (.250) . . . ... ... . .. .. ... ..... 9.887 ib.
Constant Frequency Motor . . . . . . . o i 0 e e e e e 6.575 Ib.
Controller + Cover . . . . . . . . 0 e e e e e e e 9.188 Ib.
Lift Pump, Fuel Sol. Valve, Bracket . . . . . . . . .. . . v i e 2.000 tb.
Variable Frequency Blower, Motor, Mount Assy. . . . .. ... ... ... .. 5.437 ib.
Magneto+ Cable . . . . . . . . . . e e 3.000 ib.
Atomizing Air COMPIessor . . . v v v v v v v v et e e e e e e e 2.938 Ib.
Fuel Reservoir . . . . . i i it e s e i e e e e e e e e e 0.563 |b.
Altitude CompensatingValve . . . . . .. . . L e e e e e 0.375 1b.
Gages ((BB3ea.) . . . . . . . i e e e e e 3.380 fb.
Turbine-to-Regenerator Bellows . . . . ... .. ... . .. ... . ... .. 0.1881Ib. .
Combustor . . . . . . e e e 1.250 Ib. :
Fuel Metering Pump, Coupling, Screws . . . . . . v v v v v v v e 0.300 Ib. :
Condenser ASSY. . v v v v i i e e e e e e e e e e e 12375 lb. !
Fiberglass Cover (6.938), Weather Cap {2.500) . ... ... ... .. ..... 9.438 |b.
REOENEIALOT . & . v vt e e e e e e e e e e 7.750 b, ‘
Panels (4 Sides + Bottom) . . . . . . . .. e e e e e e e e 6.750 Ib. :
T (- 32.000 Ib. i
Accessory Gearbox (Lower} . . . .. . ... .. .. i e 5,100 ib. ;
Offset Gearbox (Upper®) . . . . . . i e e e e e e 1.625 Ib.
CRU {Noz. Pit. = 11.1, Aft Cover =6.11,Bal. Assy. =173 . .. ... .... 34.5101b. i
Frame, Shocks, MountPlate . . . . .. .. ... ... .. ... 26.900 Ib. i
MiSCRIaNEOUS® & . v v v vt e e e e e e e e e e e 2,706 |b. ;

Total DryWeight . . . . . . . . . o o o i 209.600 ib.

Total Wet Weight {2.41b.CP-26%} . . . ... .. ... ... .. .. 212.000 ib. ' '
* Estimates; all others are measured weights :
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Coatrolier cooling fan
Solenoid air compressor valve
Accumulator underpressure
Eliminated

Eliminated

&

Efiminated
Eliminated
Eliminated
Start pump pressure switch

Start pump soft start circuit

B et man s

o v v

The fixed inverter was purchased for Set 2 and mounted outside the controller, consequently, the
cooling fan was eliminated due to lower controller heating. For the pump assisted start, the b
temperature ready, accumulator underpressure and the start pressure valve circuits were not
. necessary. The combustor was determined to operate satisfactorily at low fire without reduction in
air compressor pressure, consequently, the solenoid valve was eliminated. A pressure switch was
added to shut off the start pump after the pitot pump takes over. For startup, to prevent overriding
. the start pump magnetic drive, a soft start circuit was also added.
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SECTION VI

COMPONENT DEVELOPMENT
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VI. COMPONENT DEVELOPMENT

Development tests were performed on the constant frequency motor to reduce parasitic power, the
noise output of the accessory components, the boost pump to improve cavitation sensitive
characteristics, the pitot pump to develop a cheaper manufacturing process, the control valves to
provide more reliable operation, and the CRU to develop a higher efficiercy, ™mare vibration free

and less noise producing assembly,

Following is a discussion of each of these development items:

CONSTANT FREQUENCY MOTOR

The canstant frequency circuit consists of mutor, inverter, gearbox, cover, magneto, boost pump,
air compressor and condenser fan. it was predicted to draw 210 watts and measured to be 360
watts. Without the cover, the power consumption was 346 watts, and the largest difference between
this and predicted was due to the 1 phase motor being 43% efficient. A 3 phase motor and inverter
were designed. The test data is shown in Figures VI-1 and VI-2. In the operating region, the motor
runs at 65% efticiency for an input power requirement of 270 watts.

When compared to the 1 phase motor/inverter, a power savings of about 76 watts is achieved and a
start relay and capacitor are eliminated.
NOISE

The noise level of Set No. 1 was excessive. This was largely due to the vibration of the turbine
rotating assembly inducing resonances in the hotwell fore and aft shells in which it is meunted. A
variety of tests ware conducted (at MERDC) using Set No. t as a test bed to separate out the
excessive from the non-excessive noise progucing components 30 that an improvement could be

made with Set No. 2.

Audible noise spectrum data was taken with the constant frequency maotor and assoetated
accessoties operating and then with the turbine and variable frequengy circuit running. This data is
shown in Figure VI-3, the analysis of which is summarized below:

GEARBOX NOISE
CALCULATING FREQUENCIES:

(1) Al tundamental constant spead motor gear mesh frequencies are about 3507.7 Mz, and the
surn of gear mesh frequencies are about 7015.4 M.

(2) The magnetomotive force wave frequencies from the electric motor are 1556.9 N2, 1686.5 W2,
and 1826.5 He.

{3) Line frequency and its tirst harronics are 65 W2 and 130 Wz,

(4] Rotor unbalance frequency is 57.9 K2,

i K oo it il

e s o iy

AT s o it it i ot

SR T N

il ol R S

L

g

L —




[ J

INVERTER EFFIVIENCY, % A

56

10109 MBYy - T |-iA ety

SLLYMN ¥IMNO0d LN4N)
474

i1 4

v | T ] i g
SN DD ER S UMD SN DG SO0 SUE 0G0 SO (0G0 AN SO AN ANn
i " 3 i . " L
T U i ., =
7)&/4?[ : “ Hld.\" T
) L 4 '
- " j ” H » pase h . w - _ﬁ - b e M w "
b t .f - . ”' - I 3 i.* - . - _vr - e b -
. t - + v + i ﬁ # ! H ]
: i . I S . : ! . . . [ .
ey H . { . i L . i : . — .
- i M POt Lo [O . 4 . . .
! : H | ! ! ; m.
} et L e
s . . HE R i . L ! . : L . .
: i . : } : : N
;.r w - - - b V b -— 4
. . m - ! i B . ' B .
. i i i - « "
/ N _q _
. . i ' . . . ' .
. 1 - i ——teatt— — o
- - . FN N .
T ’ $ - ——
r Poeo . .
; L L - & .
. HIMOd | i . .
“ Qo LMD N
: oNILYY IO -
” : ; A S A . \
— d.‘ 443 = "
P : el @ ‘
H - . ﬂ' il - - - - - . - - b - ||J.vr " ) »
. N N ey . lH ; i . y-atan L - p—
LYdVLS 1v 23S 7.1 HOJ4 3DUNS ¢iiv 62
S1ICA 82
¢
: - ¢
-

vl

MOTOR EEFICIEREY = @
Page 3%

A Ny, - r\ ‘

v

- ol for




- W et ap———

T - - . . -

) :
N | 3 — - - — — — s e B . N - — - B e e — .~ . . - - - .. o
i C [
!
? »\‘! ...19,%”.«3%".?.\.,\‘.,;...va..z.ﬂ..ulqe.iu L e (el o e A Aot F v 4(:...1
|

© % AININDI443 HOLOW F " AN S IR MG

R 8 83 2 3 8, 3 S
1 H Y M v v v i b -V T T g
.* H H . . L. L . h.. - v |8 .
[ ; b § A
: : SR § ! A
- r i ; “ 5
. : i H 3 ) e
Y AR I A L ,
: ’ [ MOID3Y ONSLYH IO ; ‘.
- - h . : ” 1 - . " . T L4
e T E— b -
- ﬁ . ﬂ Y 7 oL I w Bh . -
, ! . >
- b _ TIJT f.lnl.ntj‘j% @@ '
o : I poeob e e koo op o Lo | "
= i . . " 4 ] . L
W ; ; i 2 m b
. b - b : b o » *
3 | Lo . ] )
- ' ; T me. m‘ * '
v S A w. ) fo- wf m :
— - .
Lo I
. O b _.. - ﬁ . M “ 4
: M 3 , | T S
i : & ” TR O a
: _ _” : . : . : ! - i Vi )
[ L _ , ] b ) j
( ; : i R - .! i | N 3
t - + . ¢ + & £ ! .
H X
. — i b
r j w T * o
w T ! » ! H ! wr k ¢ v H. 1 r
p— ; ' " ; - + ~18 !
w o s . p H : . . | b Lo ? ! b
| i e e - i i a v P 4 i i i i : . il
2 8 § &8 8 38 38 % 2 3 3 g ] A
G
& SLLVYA ' avOT 1NdLNO © % AINIK 413 HOLOW L

~ T e A




r

o et

FRUOR P

tesed.

O

11
N i A..‘m
< . . * PR
PP : : Tt
IR M St
T it S e
[ SR SRS S S ”nm P
PO T . .~ ”u_
LTIt Pt
I R I
D e 1
b e :
EEERER b L
. :
PO A 1R Pro i tor by .
5
e M ADMINO NS TH M ADNMRND
v/ RI%% -
Ty-1- — —{ - SDAID Qe - - — 333 B G G -
LT SRR R ERE IR RE S BE SEEssEas EeEESSaRRE
v p Siren S0 0 S i PUSERAR e fn ey { oy R 1 o ol Sy i v o 406 ot b Sudiv St
v - * v jas gy y — Ay
: B 1 i i ERERESRUR
1 SRS i i { T |
: 1 X RE i : LM R AY
33 48 ! . o SR TS SR8 v e
B = : —~ ” - 1
4 e P % 3
P ey ] 2 o
1.3 R SR AERRES X SR TS 051 ! ; 331 )
b olndy iub Snansirduttil G SR SDEDEE S5 ' + g8 S g e )
PEPED TV - b P e ¢
T s B It 2 PR P
Rine Suapdogps SMIMIDEIRAI . bin guons o NP o G amgm i f oy i) gt e 5
e 4 e - 4§ v 4 w9 3 % s-e e} o+ 3 4 e o -%-§—f - v- i a= RPSUy S gy N
Rt N i ILEEE R S B : SRS SESER RS Sag Be Tirhios
I in it S S IR A SHE R ' : R TR Rl
IR} H e b4 Coeo i I I ) I . I IR .
“ PR ¥ t ] . » i o i L3N] boe
REREEEEREERE! i e EEREEE ” IR W :
- . [} I} .
SRR e R R RN R i RERRRE R 't
z
e
O Mt ADMINOINS N N N ADHBG NS . pter
[ - N
puliguny s g 4% e e SO GED SO B v IR S =4 44 v ¥ ¥ ¥ 3 t— -4 .
i S 1 Pidtoon s sinaliapy ip dut gub el I R S - +r iy g e et bl R Rk R e e et BR .
BiSgsinsod 1 B e fom e SRR St B0t : v
RS e gs: thrae N T ndnd R (SR Erad (B ev iR gt 8 L1 r
BREE SEERE L
. R ERTRY v [ P — + . Lo
RN s ﬁ ! :
: (R , 1
(R} " I_’I .L v
! ' T
18 '
H
: ! T
+ . e - . .
: PR B ¥ |
[ PR B gale Y e .
4 Rt i1 S5 i
: s — e o b4
SO B : : )
T LrIT R | ! .
o . . PR I T " e
i I : T i L
PR - AWM W A Neindg ST T

TELRL B ALC TOON 104405 TAn1d vy @hI1INOT AP0y |Buey

{39j49a) IpIWNE I 0 vo 2y RV
{384aea) 2 020 sb2i wr p A RTLLP)

‘Y IO

RRlisr

BAIP HLANE TROLIRINAINN | SOIDM DAMIT JURIIN0) (R Jue)
B aisAuy C101UT1830000 § L0100 PRt JNNIINA) (| WY

SO0, S0MEDICY BDIY RONd (8R40 SETVed @y gL PRII| NOudAl 3yl

FUAJ IDNNYE TINVIHO JWLiSIwIt Knd L
$ILAV/NY A48 DEICN 10,00 Y

R T T T S e e . £ e A



sisAjeuy wnidadg astoN 2|GipNY £-|A 3inBi4

Comeny sop .
= - g
SSois T N ,
Tamois =t 4
et At = :
TI iy Y I 7
ey e ‘
g} b durdindibg oy -t
B e e : "
R R R o
EEESSuRE i _
R R SR 1 !
I o0 SRE S AR I H [ o
SRR RN [ o
. voEo oy + Il 1 ,.
P i ; H | |
. v 1 R Uy
’ 44 i IR ot
: i ! Lids i
= ; e :
53 : ot
: 13- B
i 13 : =433 i BR st

ERER
RN
t
e ere
Ry
ENES
P s
b O -5 G
3135
R g
1+
18-

Page 27

SR S Y e e

SeNomsnses

W Wi ADNINORNS

AN Y L1An T M ADNINOLa
z

e iy
:
:
b T Y 4 '
: . H 4 M H .f e -~
R : SRR : e R
- Y ey . - e . T . B m oR4 o
ERE: s S SR BEERRSEE I gHB LEDS
T3 IR R S ipotat b IRl L ep o R i 1 e i BT
- g . R - e e M — bt —
EEEE R RS R IRERES R e S et R Rt A w 4
prrs v Tt T 3003 I R eI R R 4
" + . . e + B %
SRR . s AEEREE TREBERE AN
il : ji IBEEREE RN : !
IR V 1 B y 1 ~ + i 1 _
oy 1 + 1] 1 4 -
P _ i RE SREEERNE
: ; " a .
P { Y M.. ¥ T 44 e v
i 4 EEaR SSESSRRRN
1T : 1-bo g BN ESSE R BRSS!

3
L |
t }
: |
- +
e ' :
3 oo
- |
: E i . .
R E o : : . ;
TTE PR bt RE + b .
UMN, P e RIS L 4 .
gL L3 T S i :
S = i i
P S el f ! 4
:To = i : { O
: - RFEER B ! M
j ! St e [N
S 134 WAL/
: T 1 R -
; i
i 2 piled
T T T ~
OW Mt ADINC SN 2% Ml ADMAINDEs &
L 4 ~v ;4
T rrte e e T e s At T el T R AR St
. AEmmARAa A A . . — — .




t o~

{

~ o i
T am e e e Tt e el e e vttt e e oomoatins -
— PREET - - . - ‘ — -
- . e e
:
. ]
Lo
. .
U T e J
N : 4
B T e e T R . e e e g e - g M “y w_t
S [ T T . i : ,,*~ : T
S, 0SS S S e i R e I S e e L I e L T Ry
. — N N 4 h P - . . . - v . : .
o : H Pt STy TN TS S T .
—e —— 3 Itl...zi‘!.‘-c..l..uﬁﬁ-ﬁ.i o e~
= cwmar .
e B e g e~ SRt L N
HEEE TTTRTRTOTTEI IR TR
il ‘ﬁ:'t..!..v-.?.rorh.
-

.(nu-.v..r..'.uv.“(|o'n..0| FO - DU A A } txt»‘Atii.vtt -

s o vt pITTTEN : o

: : : - H

R i T e i tﬁff*t‘t*- :u.lttllwo et 4
hisainand s ’ . v ; : v

2 i H a.,. —iaei 5 i . ATy

s R P PP R 4
P W s NI RS
e o o gy v anp-e,

S - B B 0 chcHMIRORY S L n..ﬂ\n, P
—— H : B - L ...q,.<'.. P i

a0t b Iy Sy Caaad Sy WLty Foswy | Seekay

AN L LT | W0 Rd e Lk U, FaW
R I N R P O T AR e I ]

Lol DR N VT
Len s Ve

W0 18 e K AR e § W FEAe B 6T
B gy RSN I ¢ T sl Juwy U ]

SR AR .Y R SR, g 8 W, g SRR, D g

PATTURE AL, BRI DY REEL UERIUURE, | Y
FlV ot oot o 0,108 PR:uw 10 .3

PR

v

'
S R T ik% . ;
- - W




o ]

Al R g
T s T v ——
o L - N
—_ - B VI -
- ’ - ) e ) W 3 v ﬁ&l.l&!i&._l
Lo sty
— . L)
LN
.
- K nw.e*w»
R e S Leee . *
" } [ S RS R Diitha
a- e ' 1 .. t.c 2 I ”.m.n r
emedre SR RS S T LR I RN SRR Pinkhe
w0 PiIiiiiiiipsiiiciigaiiiipiviy
: BESEEEREIE SR EREEE RSB N PSS
. - PR DU SRS 3 liiic
* -
-
. . ;
X s : e e ,vo.qq..o.u.ﬁ._v.x'...L..?wm: .-k - )
bt — b - Ty AR ) .. ! T A S S R SR - i .s/
-~ i IO T I L. . £ AR P 2
ct. RS STz pililiTriocontiol o e v P — S —
U S SE I SO S : - )
- - FLR RS L
. e oy o .-
e IR IPIN
nw,a Ty (LYY i M
51 il :
h..., B
e e mm .. “
............ _
b
....... . PR .
R
: : YAY e -
i
S,
1 ..
A3 iV
ol is .ﬂ’
Ty R
A . b
e u
:
UERRERE B
t
. e e e e e e = B
* RT R A O AT R v N hdh .
e e -~
. . -

[

-




- ) e ¢ i+
e e ;
T T S s = A,
; i "
‘ RENL 1;‘ ._!te.fzn zﬂ\v;ifaw..ﬂua %w i&ﬂ% e
o e et L
B r.i.l...-‘.,.-.- B S . w — LﬂE FE»P *? :
e - e . A W ’
- - P i - - b AGRSR (220 B W2 2N . PR - - - - ltﬂ.l‘A - “ - - - . w
VI e e TR
M. . ,M CE — . ......u.. ..‘.a..».-.u;-»i-..'!....ii!;.n.r-...st{i.....,.lsw.w.m'“w...r“.u“r. . .
» i i i oL L, n‘w“v poteg ¥
I B SR P R S S A A A £ o ““
4: e -, w*w. S ...-«.v,r!-..-..x..fr.mu....wv,.*;. . N |
AR L L L ﬁ%ﬁx&@.@fw %*faﬁﬂu " .
et w:-.Uv:H.,..H.Hn).L..w..?!.i A :..m........ -~
/.u TTTIT L TIIYT LI pT T orT o T, FEATAAstAas. . L TP
- “w e w PSS D S PSS

L U T S

7 SRR SIS0 SO S N1 TN S LT Y S VU S SN gt e SN S S U ) -
ey A ll(«.- £y ey, had o 7T T L Y

LPE Y WU YoYU

p
vt by ER R I L
; SRS |
S [P B S RUINEY N ACRRRROR NES VST ;

B » -
PRI . L S
;

T
shas

!

e

s 1y g ey

- 8
- ‘.
.. b
s '
H :
o - i
e i .
<. :
Ce e .
—e & T e A '
RS '
2 s !




FIVE MOST PROMINENT FREQUENCIES FROM BEARINGS ARE LISTED BELOW:

(5 lrregularity of a ralling element or the case = 23 Hz.
{6) Fundamental rotational frequency of unbalance or eccentricity = 57.5 Hz.
{7) Ball spin frequency = 110.4 Hz; 220.8 Hz.
{8) hHough spot on inner race frequency = 310.5 Hz,
' (8) Rough spot on outer race frequency = 207 Hz.

NOISE FREQUENCIES IDENTIFICATION FROM TEST DATA:

Five frequencies with high noise level in two sets of noise spectrum were identified and shown in

the following table.

From these data, it is evident that the gear meshes caused the major notse in the motor gear svetem,

J : . A
A redesign of the gear train should substantially reduce the total gear motor noisa.

} Inverter Variac Cause Associated with
f Drive Drive Frequencies

3510 (80 ¢.B.} 3490 (76 4.8.) (1) Gear Mesh (4 gears at the same
{requency).

200 (72 d.8.) 200 (69 d.B.} (9) Rough Spot on Outer Race
3101{72d.8)) 300 (76 d.8.) (8) Rough Spot on Inner Race

600 (72d.8.) 590 (68d.8.) {8} First Harmonics

160 {72 d.B.) 13n (66 d.B.) {3} (&) (6) ()
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(2)

(3)

(4)

{5)

(6)

n

R ST

IMPROVEMENTS IN GEAR NOISE REDUCTION:

Melical types have the advantage of maintaining more than two teeth in contact during
operation. Because of this, it is possible to get as much as 12 d.B.A. reduction in noise by using
them instead of spur gears.

The finest possible pitch should be selected for the given load condition. This increases the
amount of tooth overlap; the higher tooth overlap produces a smoother transter of load,
reducing dynamic oscillation of the gear mesh. This also will produce a higher mesh frequency;
however, higher frequencies are easier to damp and easier to isolate than low frequencies.

The lowest possible pressure angle also can make gears tend to be quieter, because the
transverse overlap ratio is higher.

For only one direction gear drive, recess-action gears can provide a further reduction in noise,
Gear noise at the mesh can be reduced by designing so that the total overlap ratio is an integral
number of teeth. {Tests have shown that if the ratio is exactly 2.0, the smaothest transfer of
load 15 obtamned.)

Higher AGMA quality level {12 or better) gives smooth operation.

A nonantegral geat ratio should be selected to prevent a tooth on the pinion fzom contracting
periodically the same teeth on the mating gaar.

Based upon these results, alternative offset (constant frequency) gearbox designs were made.
‘ o Simultaneously, accelerometers were attached to sslected locations on Set No. 1 and tested as
’ follows:

Channel Location Test Condition
1 Aft CRU can, longitudinal Constant f motor runmng
1 Right front trame, vertical Constant f motor running
4 Att CRU ean, vertieal Constant f motor running
5 Mount plate, verucal Constant f motor running
6 Oftser gearbiox, vertical Constant  motor ryaning
1 Aft CRU ean, toagitudinal Turtura runaing
B Mountng plate, veftical Turbine running
4 Akt CRU can, vertical Turbing Funming

Figwres VI 4, 5, 6 and 7 aee representative plots of Fus data. 11 analyais o suminarized below:
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CPU NOISE J
CALCULATING FREQUENGCIES: ki
3

(1) Rote, unbalance frequency = 625 Mz (37,500 RPM). 9: j
b
(2) El:ment train passage or cage frequency = 260 Hz. 1

{3) Ball spin and waviness frequency = 1247 Hz, 2484 Hz, 3741 H: and 4988 Haz,
(4) Rough spot on inner race frequency = 3287 Hz.

(5) Rough spot on outer race frequency = 2340 Haz.

{6) Variable contact compliance vibration frequency = 2340 +i2, 4680 Mz, and 7020 Hz.

(7) Flexural vibration of the outer ring caused by inner ring waviness of lower order = 1250 Mz,
1875 Hz, 25G0 Hz, 3125 Hz, and 3750 Hz.

. FREQUENCIES IDENTIFICATION:

Vibration data of Channel No. 5 was used to identify vibrator, mecnunisms. The following table
shows the result.

Cause Associated

e e RN Ny P TN S S O RTINS '
SEDURI % |\ SN

Frequency (M2j Q" Levol with Frequancios 3 (.
. i
' | 620 14 n :‘a
. 1250 8.5 {3 (n |
1870 2.0 n b
2450 2.5 (3) {1 o
_ | 3100 1.5 {n 3
! - e 31 {3 N !
: 4840 1.9 @ | |

DISCUSSION:

b . . .
1 A)  From these data, it is evident that the rotor unbalance, ball waviness, and nner ring waviness
of different orders caused the majar vibeation in this rotae-bDearing systeen,

8) The blade passing frequency is above the data cut-aft (> 10K H3).

C)  Random rype vibration is aegligible.

R

IMPROVEMENTS:

A)  Better rotoe bDalange (Hexueal rotor Balance Mgy be Aseded) gives SMOGth oféeatica,

P S « i e

B) An inerease ia the aumber of balls results ia g reduced vilratiaon level generatod tram etng and
batls wavieess, For exarrple, the change of riae Lalle to cheven balls could reduce the

coreelative vibration leved by 10%.

Poge Sd




C)  Axal inad and alignment of the bearing should be caretully designed and checked; the lcose
balls passing the unload zone or insuftficient land height creates additional vibration.

it should be noted that this data was taken with the turbine operating at 37,500 RPM. Based upon
these test results, the following changes were implemented to the CRU to rxduce imbalance induced
vibrations:

Type No2zle Forward Can Aft Can Bending Criticals
EP2559-1228 Stainless Steel Aluminum 32 Krpm, pump hsg.
Used on Set 1 .032 thick .032 thick 48 Krpm, no pump
EP2559 1228A Stanless Steel Stainless Steel 65 Krpm, pump hsg.
Used on Set 2 075 thick 075 thick both ends

It should be noted that the nowse emitted trom Set 11 significantly greater than the speaihication.
The najor contributor is the CRU noise. The changes tat were implemented for Set 2 we-e based
upon analysis of the data from Sat 1 and were limited to those items that could be readily
implemenied to quahtatively reduce noise. A significant reduction in the component nose levels
have been made. When performance testing Set 2, no measurements of noise level were made. To
the naked ear, the noise level of Set 2 has been reduced uignificantly over that of Set 1. Althaugh
unproved, the CRU hotwell shell still appears to be acting as an amphifier such that the Set is not
sufficiently mqnet to meet the specification, The inprovements need to be carried further to reduce
nuise 1o an acceptable level.

Sinee the notwell shell was responding to the rotating assembly msbalance, a sigmficant reduction in
the amount of mbalanee would also help to reduce noise, Consideratton was gven to both
whproved low speed balaneing and balaneing at speed. For Set 2, the low speed (~2000 rpm)
balaneing was improved from 0.002 to 0.0002 in-02 imbalance. Though not emoloyed, further
improvernent would be made by balaneing at speed at this sensitivity.
QFFSET GEARBOX
Four gearbax design approaches were coatidered as preseated n Table VI-A. The Berg sprocket belt
driven gearbes is shawn as an exgmple 1 Figure VI-B. Eseh gearboa was nistalied 1o Sct No. 1 and
tested with g sucraphone located at the center of the condenter louvess 3 foot From the Set oA cach
ude, The tollownng daty are gttached:

Yabie V-8  Gear and Belt Data

Figure VI-9 Gear and Belt af-f Plot (woest cate)

Talie VI C  Bett Data

Figure VI 10 Bele alst Plot tworst case)

Tabie VI D Beeg Data

Figue VI 1Y Borg bt P18 (worst case)

e e
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Tuble VI-A Gearbon Design Approachet \ j
Type Gear  No. Teeth  Pitck dia.  Speed (rpm) i ;
v !
. Spur (Set 1) 1 81 1906 3450 3
' 2 42 1.312 5010 o
| 3 46 1437 4578 4 l
| s 2344 2806 . |
E ?
_l Belt Drive 1 18 1375 3450 1 ,'
! 2 12 764 5117 3 ;
! 4 22 1400 2820 4
Berg Drive 1 22 1162 3450 j i |
2 15 812 5057 i b
a 28 1462 2110 j o
b N 1
Ky i
Helical 1 85 1.906 3450 g‘ |
2 60 1.348 4887 ]
3 66 1.480 4443 §
4 105 2.358 27192 , l
i
4 f
| |
u
'
l b
| |
'; i
|
i
L2
ik
t Fup 36
; ,
, f=2 'W‘ww ST - -
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Table VI-E Helical Data
Figure Vi-12 Helical db-f Piot (worst case)

From these tables and figures, Table VI-F (summary of the peak db for each location and ranked
from (1} the quietest to (4) the noisiest), and Table VI-G (summary of the selection tradeoff), the
selection of the Berg version was made. This gearbox is shown in Figure VI-13.

While limited noise data was taken on the variable speed gearbox, the levels were considerably lower
than tor any of the above. it is also buried in the lower compartment of the Set and no
improvement in noise was attempted although, based upon the desirable results of the constant
frequency offset gearbox, significant improvement could be made.

CRU (COMBINED RGTATING UNIT)

The redesigned CRU is shown in Figure VI-14. Because the turbine balance assembly is installed in
the hotwell which is made of thin gauge material for minimal weight, it is capable of acute
vibration. Simultarieous with the relocation of the pitot pump from the forward to aft end of the
assembly, the turbine wheel overhang was reduced.

Critical speeds were determined by an analysis which includes the gyroscopic effects and the spring
mounts {bearings) for any spin to whirl ratio. Also a normalized mode shape of the shaft deflection
13 given tor each critical speed.

Utilizing a spin to whir! ratio of 1.0 (synchronous whirl) and bearing stitfnesses of 260,000 Ib/in for
' o each beaning, the first three critical speeds were calculated for seven contigurations. Table Vi-H
i shows critical speeds and mode shapes for each configuration.

In order to push the critical speeds vut of the operat.ng range either increasing the shaft thickness
(new bearings) or decreasing the length of the overhang could be incorporated. t 0.2 inch is
removed from the turbine overhang end and 0.25 inch removed from the pump overhang end, the
critieal speed is pushed up to 58,000 rpm (Configuration 6). With a titanium pump housing the
critical speed is 63,000 rpm {Configuration 7).

Contruration 7 was seleeted with a siightly smailer pump overhang so that the bending critical
speeds at both turbine and pump end are 65,000 rpm. This is 18% above the 55,000 rpm operating
spreed and is considered sufficient, though in the tong run slightly more margin is desirable. The
turboalternator is shown in Figure V1-16.

Atter this redesigned CRU was fabricated, a series of development tests were conducted using
gaseous dry nitrogen as the test gas. With the redesigned nozzle plate (EP2659-1228A) in the
as-received condition, stalt torques were measured and compared 1o the original {Set No. 1) nozzle
plate and the te=t plate {tat plate) used as a basis for establishing the nozale spacing. This data is
shown in Tables V)1 and V1) which revealed poor performance. Consideration was given to
possible manutaetyring error 30 the drawing and hardware were examined for possible discreparncies,
e.g., nozzle overlap, nozzle-blade gas impingement, nozzle profile, snd blade-diffuser impingerent.
Multi-size layauts and shadowgraph tragings of the hardware were made which indicated that the
new nozzle plate is dimensionally as agcurgte as the previous ones, One possible improvement would
have Leen slightly greater nozzle-to-blade haight lap ratio. A series of tpin, flow, and acceleration
tests were made; data shown in Yable VI-K. Tha conelusion from thig testing is that the ayreceived
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Table VI-F  Data Summary

S

——— 4 ey

s AR e

vt e

Octave
Center Right Left Control
He Side  Rear  Sde  Panel  Avg _ Rank_
Belt Drive 66.0 69.0 69.0 67.0 67.75 4
63 Berg Drive 61.5 59.0 57.0 68.5 61.50 1
Helical Gear 61.0 61.5 58.0 69.5 62.50 2
Spur Gear 65.0 64.0 66.0 65.0 65.0 3
Belt Drive €3.0 63.0 63.0 64.0 63.25 3
126 Berg Drive 60.5 60.5 60.0 58.5 54.875 1
: Helical Gear 600 615 615 595 60625 2
Spur Gear 63.0 63.0 64.0 63.0 63.25 3
. Belt Drive 71.0 79.0 73.0 74.0 74.26 3
' 250 Berg Drive 72.0 745 72.0 76.0 73.625% 1
Helical Gear 720 78.0 725 81.5 760 4
: Spur Gear 72.0 80.0 70.0 74.5 74,425 2
‘ Belt Drive 700 720 700  68.0 70.0 2
' 500 Berg Orive 70.5 AR\ ne 70.0 70.625 3
‘ Heiical Gear 710 72.0 22.0 72.0 71.75 4
{ Spur Gear 88.0 710 68.5 6715 69.0 1
Belt Drive 58.0 70.5 69.5 67.0 68.75 2
1000 Berg Drive 69.5 70.0 69.0 66.0 68.625 1
! ! Helical Gear 10.5 72.0 70.0 69.0 70.375 3
v i Spur Gear 675 69.0 70.5 68.0 68.75 2
'. Belt Drive 640 670 €70 640 65.5 1
2000 Berg Drive 67.0 68.0 66.5 64.0 66.375 2
Helical Gear 70.5 no 69.0 66.0 69.125 3
Spur Gear 72.0 70 ns 67.0 70.625 4
Belt Drive 62.0 65.0 66.0 62.5 63.875 1 \
’ 4000 Berg Drive 64.5 6.5 65.0 61.5 64.375 2
. Helical Gear 67.5 69.0 67.0 64.0 66.875 3 !
- Spur Gear 82.0 78.0 74.5 no 76.375 4 i
Belt Drive 545 6575 880 650 56.25 1 ‘
8000 Berg Drive 585 605 685 650 58.2 2 i
Helical Gear 61.0 63.0 610 58.0 60.7% ) !
Spur Gear 63.5 65.0 65.0 61.0 63.625 4 i
i
Belt Drive 16.0 805 786 no 18.0 2
AP Berg Drve 7.0 18.0 16.% 715.0 11.31% 1 _
Helieal Gear 780 810 180 820 19.7% k| :
Spwur Gear 83.0 83.0 80.0 78.0 .0 4 X
Bait Drive 720 16.0 45 28 3 \
Berg Drive 74.0 15.5 4.0 .o 74.12% 2
Helica! Gear 16.0 8.0 19.5 14.8 06 3
Spur Gear 83.0 TR 185 5.0 ns 4
1
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Table V1-G Selection Tradeoft 5
q
e
$3-8000 He Belt Barg Helical Seur E
Times st i 14 2 8
Times 2nd 1" 12 10 2 G
Times 3rd 5 6 12 g B
Times 4th 5 0 8 13 ; }
‘ 32 32 32 32 | ;
r
AP g ;
) 1 |
Times 1st 2 2 0 0 4 ool
Yimes 2nd 1 2 1 1 ’ '
Times 3rd 1 0 3 0 3 .
Times 4th [ 0 0 3 g’ ?
. 4 4 4 4 3
b
D8 A 3
Times 1st 2 Z D] ¢ g
Tirmes 2nd 2 2 0 0 E
Times 3rd 0 0 3 1 i
' . Times 4th 0 0 3 3 '
.8 4 4 4 4 i e
. !
Pwr. Consumption }
{watts) 280 262% 246 252-270 ;
l (Taken ont 21 Unit) i
[ - i
Setection | i
. Based on lowest nolse X i
_ Based on lowest power x !
o - i
A
b
N
i s
. F
.
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SETNO. 1
OPSRATES SUPERCRITICAL
LENGTH - 12.35 INCHES
REF: EP 2559 1001

SET NO 2
OPERATES SUBCRITICAL
LENGTH = 14 39 INCHES
REF EP 25505601
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Figuwe VI-14 Sat No. Y and No. 2 CRU Contigurations
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Table Vi-H Turboalternator Pump Rotating Shatt Critical Speed Contiguration Analysis

Pump

Turbine .
SPnL a1
:}—)G‘E::ﬁﬂ_] e

Stub K = 250,000 Ib/in
Critical Speeds
Configuration 1st 2nd 3rd
1. Original shatt 29,500 RPM 71,000 RPM 169,000 RPN
N P e VAN g S

2. Aft Pitot Pump hsg. 47,500 49,500 75,000

with stub on wheel

{steel hsg.) _._____,/ \’__* .
3. Aft pitot pump hsg. with 49,000 53,500 74,500

stub on wheel (titanium

hsg.) N _“__,/ RN
4, Aft pitot pump hsg. no 48,000 57,500 77,000

stub {steel hsg.)

I v AT

5. Aft pitot pump hsg. no 53,000 58,000 76,000

stub (titanium hsg.)
6. Modified — .2” at turbine 58,000 63,000 89,000

overhang -.25" at pump

overhang (steel hsg.) / \ A——s
1. Madified same as 6, only 63,200 65,000 87,500

(titanium hsg.)

Ny

_*___/m
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Table Vi-l Summary of Stall Torgue & Spinup Data

Nozzle No. PN Taq w Ax. PN
Plate Nos. {PSIG) {in 1) fhosec ) QL ® 55K Comments
Otrqinat g 1350 12 094 Q24
ividde Spaved) 1250 0.5 033 034
EP 25593 1228 850 7 .061 034
1250 13 .069 020 660 Flows may he
830 8 045 020 ® 52000 questionable’
1350 13 .093 010
1250 12 088 010
850 8 061 010
4 1310 7 035 020
1250 8.5 .034 .020
850 4 024 020
Flat Plate 10 1250 16.5 A 020 400 @ 57000
(Close Spaced) 80O 101 .068 020
EP 2559 1270 ? 1200 113 074 .020 480 @ 56,500
850 15 049 020
5 1215 8.2 052 020 580 @ 56,000
850 58 .036 020
Latest (A) 10 1350 115 094 020 750 @ 60,000 (Run 203) with
{Close Speed) 1200 95 .082 020 204 PO
EP2559 1228A 850 6 .058 020
003 CRU 7 1350 7 063 020 800 @ 54 600 (2056}
002 Exh. Hsg 1200 6 058 .020
517714 850 4 .40 020
Table VIJ Nondimensionless® Stal) Torque Data Using GNz (Des. PR = 5299 AR = 25)
No. Meas, P Calem
Noz Plate Noz AR (PSIA} PR r cale. ? MRE3E * T Heds. * Eﬂ.___
New
EP659 1228A 10 2.6 1365 -2 6582 5195 H ] $045 n
1385 845 8585 5382 §  s801 80 Bt 83
1285 118 a6 6127 86 S48 84
? %4 1368 ] a8 4416 N A0 [~ ] ]
] 2%t 1310 80 BEI12 §728 88 47188 154
1348 182 8188 802 & N2
Flat
E2TBE8 123G 0 1728 1265 % &8h e 92 Ned v
¥ 12.48 1216 N U gaee 42 &0 08
E 124 1230 #t &2 (5= S R 02
Ofigstal
EFZELD 1528 9 1R 1igs [ g a8 81 68 &
[ Ya s 1% b &6a) s Ve A 1te Cuestoi

0 yrsgeT o

PSS S




Tabie V1.7, CRU Tast Data

Y Avg
taxt Kun '™ [SATHIE o TV S ] *f - e
Dot Na Type Contig. Nes " Lo T T TN - T mand Camments
NEW #0008 ‘oo
6474 08 s SFIRA M &2%  Duet 'L Y] v g Ry
No Pumgs HIZ N Mty W 8 Cipm
My a9 Qe [P ERATEIN ) [t N Dhaet s w0 Noviiy 882 ®rpen
N0 S [V ENVE T 843 Duct LE] [}] &0 Crpm
M Aot 2 CRs 620 that L] 62 RO Krpen
ny Accer 02 CRI 110 e 0% o 08AH &3 1zun
66 M Flove [P RV T} (2] AT Buae #% DA4R Ca W 04?8
(AT ¥
Ko purag 11 qoqe oas/
g Flow 0D CWL W K50 R 12 (1 KK Cate Caic’d DRI ®
‘A n .
ta e :
T G2 CRL 1 1250 te 06 13 [ oute Cacw - ORI ® i : ’
‘ [ ) i !
b2} [N X o
Froaw iz 5 nHit 4 7] oLl Ca- 119 J A
! ! 0 3 o
3 Ave 204 W 1% Dt ) |#] o8RG 2 G2 Kepun 3 . :
214 Acox W2 CHL T 186 6.4 18 5 Y [ Y €9 & W pm PH -1 4] 3 X
N Aeal w2 CHL 10 PG 1) o%? £29 Kipm K '
B N6 A wOURG 2 (EELIE N s ] [ 2 BT 3 WCa - 020 PR - 03 !
’ i =110 4 ,
T ] §2 5 koo s 02 3 i
M A @rema 2 1345 buo Y8 " n23 % 82 € g q ’
fan Dt R
610 q Beoinsm  V2IBA crw AP §
Bark - o 5 ,
g - [T w5 wE0 v 049 Pe TRAS-14 ¢TI N {
% L] s 142 )
. t 23 ] 2% s
+ 360 & 34 3 "?
. Y @l 1% i APwre-2 3 A
et e 4 ‘
&S 1 Y3 4 \ I
i 1250 2% V214 b ¥
§ ] [EE I X ] SPwee-td JPw-t £ 1
- ¢6- 92 aa = {
f b2 2 iz 3 E
[E2) te B 3 ’
« 9
: - {
o
vy
R b |
; !
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N 1
p 1
s
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Table VI.K CRU Test Data (Cont.)
1.5
Tent run No.  Pei: PEiA a0 °F se .
ate. M. Ta Genfig. Ges, WL femh &R M b A coments
. ’
6~10-T4 1@ Spin -1.223A Je23  R%O ouct 4.3 $T Lo Ca*1.17 &2 REgm
002 CRY }
) Flow  ° T ten . 1.8 SH .61 (12%0)  canllb?
1140 » L RERL > 7 N1 34 -1 2 i
&50 - 1.1 S4 .oem Ch=ill
2% spiw 2 (Y - 1 81 Lonwe it~ 80 4D Erpw
Fline nen - .8 RN 131 ) Cae Ak 45.% Repe
h 1150 " R s an 20 W thee
6-12-1¢ 228 Sspin &0 - . 10 Rege
Ant
Leak W 1onn - 4% 42 frgem
L3 10 % ineld
ftall
Fourdd Leaky Pwd Rfq Mauning
e-11-74 Stail -1224 1o 50 Duct 10 €0 & Llo-1b
002 R 1280 s &2 19 ia~-1d
Antl % %50 Mo Duct 1.1% €0 & inldD
Leak Ye2 1280 b $.&) &2 €.5 :
K Ring w50 buct [IRA] [ 3 ;
12%0 - 5.6 & 6.5 !
. stall -1228 s €50 - Y. .2 L X i
0Nz 302 1250 ~ 5.6 - 6.2% )
No 10 NSO - 10.4 - 6 .
Mirg L2504 . 15.9 - <0 )
Seail ~i..n 0] *#30 . 0.4 - ¢ A
003 1350 - 15.% - 10 ¢
{ o i
Rireg ,
4 Accel " N ° * - tdenticel
E— 22 Bing - " » - . BpiNg
A
! 131 (
. LV :
& seall ~l2zea ] a% Guse e L1 )
! Fas0. 4 002 ChU 1240 4 e .cied 4.7 .
- - TP yu2 6450 FPR Y] L3 IR P B 1 -
Boat flush 240 1.2 [T LuseR  &.2% ;
Wity Nes . b b 4 [3-21 .62 %% L0es 3.5 .
Ble & twdiv. y2iv %.E% (] 243 e :
g, W U he . k1 ¥} e €. 5 Loivs .18 1
- 9 13,4 €3 KeEE2 BEMUIRLS i
- - 10 50 14 L1 3= ? !
' 1158 e € .loy 14 L
L - . 2 5 .8 €6 oice 1.8 !
i o4 1 €0 .918s ¢ @ :
1136 PR [T T )
»i (31 i.a .5 LY -9ioe J R ,
vy 2.8 ? [P ales 2.5 :
' Lime 3.4 b.0s €5 0204 319 .
23 Bovet  * : 4.35 34 V.86 €8 seue &
b5 s i
ES IS T ELT (SIS N ] 3.5 $6¢ .93 4.3
eds 4.8 H g5 .odee  &.d ;
Mes 6.3 <. e .asi .28 t
324 Bicel ° . PET T Y ) c. W .853 ‘
[ W22
E1TE% T y [T L 3 8% .38
-1 <. 3 3,4 [33 .663% ®.3
A58 8.3 22.% (] g 3189
: 2326 Acved ¢ R S TLI B 128 L
F=13?
o
. ! Brs-t 256 cEle * . 3 Buss . 5 Grpm
) zar ¢ - ) wa  ° . AR T
- I * £63 * L3 . ie 8% .0ei% €} < Lk
’ : i ”\-? ‘Wﬂ i i ' -
j s - .
. =
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= bl B 2 == 3 _-;
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nuszle plate was not adequately clean and installing flush parts to clean the nozzles was sufficient to
enable predicted performance (o be achieved. There was stil! a discrepancy Letween measured and
calculated flow through the nozzles so .. “ter brass plugs were installed in place ot the steel plugs to
minimize leakage that might escape through the flush ports. The resulting non-dimensionless data is
shown in Table VI-L and Figure VI-16 from which it can be sezen that reasonable correlation to

predicticn exists.

VALVES

Three hot gas solenoid valves are used in the Set, one shutoff and two control valvas. Two designs
were tested, one designated AGB6C-21 and the other GA-17310. Both are pilot actuated valves with
the former heing significantly smalier, lighter in weight and more leak tight than the latter. This
valve is used inn Set No. 1 and often experienced sticking. They were replaced with the GA-17310
valves which cycled well {(except at low voltage conditions).

For Set No. 2 both valves were modified. The AGS6C 21 interna: clearance was increased. The
GA-17310 valve was moditied for a Hastelloy 25 seat and a Stellite 6 nard tacing over 17.4 PH
poppet for better internal leakage and long term endurance, The solenoids of both were aiso

increased in size tor higher pull-in power at lower voltage.

The GA-17310 valves are used ir Set No. 2 and have performed flawlessly during test.ng.

PITOT PUMP

The Set No. 1 pitot probe (EP2559-1148) operared at 28% efficiency (refefence Figure VIi-9}, and
was internally milled and externally shaped by bhand. In an effort to reduce the cost of
manufaciuring the Set No. 2 pitot probe (EP2559-5969) was stamped internally and mulled to shape
externally with mimimum hand fimishing This accounts for the more simplified shape of this probe.
Rig tests showed little difference in performance between the long and short nose wersions of a
given cenfiguration so the Set No. 2 probe was made with the short nose. Little difterence was

intuitivery expected in efficiency.

BOOST PUMP

The boost pump (Micropump Model 10-20-316-961) supplied with Set No. 1 included a 2-tluted
nducer, The pump showed difficulty in priming snd operating at a low NPSH. It was coneluded

that an improved pump would be dasivable.

For 3et No. 2, two other configuration pumps were tested. One was o Micropump Medel
10-90-316-861 noditied with a single fiute. This purnp experieaced lesy difficulty in paming and
was able to purmip 1ts rated eapacity down to 9.5 peta where the pump lost wime.

The other eonhiguration pu.np tested was Mierapump Madel 12 00-303 763 gear pump meditied
with an oversized (3/8% dtameter) 1alet. No difficulty was experieaved in priming uades very low
econditions of NPSH and the pump exceeded eapacity requirerents in both head rise and flow. Yhe
PUMD was tested under simulated eonditions in the hetwell with CP-29 a3 the warking fhud dawn
to NPSH = Q.73 psia and an inlet head ot 4.5 inches. The purap performed satistactorily under thesp
conditions and was able to enecul? a seeies of Starts and StOEE WITROUE losing prRe. The pump

eharacieristics are showr 10 Figure Vi-17,
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Table VI-.L Data Summary, Brass Flush Port Fittings ‘
|
* GNjAccel Data 2 Noz 3+2 Noz 5+2 Noz ‘
Speed (Krpm) 35 50 50 )
PR 382 232 166
T meas (ft 1b) .218 .301 AN ,
T Pred (1t 1b) AN 313 445 |
meas (ib/sec) 017 .049 on
pred (ib/sec) 017 039 057
meas 587 .288 275 ;
pred 574 358 342 P
pred 448 313 370 5
* GNj Stail Data PN (Pre; Y (Pre) PN! {Post) T (Post} !
' 2 Noz 840 2 1060 2.7%
1190 3
5 Noz 650 35 1060 8
} 1240 74 - 83
7 Noz 660 4.75 1018 a5 ‘
1200 104 ™
10 No: 650 7 1000 125 i
' 1150 14 j
* GNy No Load Spin Data
- ' Pre Brass 390 PSIG @ 50.5 Kepm ;
! 500 PSIG @ 61.5 Kepm '
5 Post Brass 480 PSIG @ 57 Krpe '
| ¢
I
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There are conditions in the set where the NPSH could be on the order of the height of the fluid over
the inlet of the pump. The worst case occurs at shutdown or during a load reduction where the
condenser fan cools the condensate to a temperature below that of the fluid in the hotwell. Under
this condition the saturated fluid in the hotwell will boil. To ascertain the capability of the
12-00-303-763 modified configuration pump to continue to pump, this condition was simulated
using water in a bell-jar and pulling vacuum until a rolling boil occurred. Visualiy, it was observed
that pumping continued.

It was decided if even a slight amount of subcooling could be done between the hotwell ard the
inlet of the pump, that some pasitive margin in pumping characteristics could be maintained. A
calculation at a 160°F hotwell temperature and 100°F air temperature surrounding the 3 inch +
transfer tube indicated that by finning the tube, 2°F of subcoo! could be induced.

The cooling fins and the as-described modified gearpump were selected for Set No. 2.

START APPROACH

The Set No. 1 start approach depends upon an accurate measurement of the heater fluid
temperature to trigger the opening of the shutoff and control valves. Wit the accumulators in the
system to absorb the expanding fluid backflowing from the heater, system pressure would build up
as the temperature increased. When the temperature and pressure are in the vicinity of the design
point, the valves are signaled to open and the turbine would accelerate to control speed in a matter
of seconds.

The heater outlet is at the high point and so the control thermocouple was placed at the outlet
under the hypothesis that the hotter fluid would migrate there. The result was that with the valves
closed during the heatup period, the thermocouple was not sufficiently buried in the heater to be
exposed to the maximum temperature of the fluid. Overheating of the fluid during startup could
occur and was prevented by premature manuar actuation of the valves 1o exposz the thermocouple
to flowing fluid. Only then did it accurately register the temperature. Yo rectity this condition for a
satisfactory automatic start approach tor Setr No. 2, the tollowing was considered:

Construct new heater with buried temperature sensors.

Sense heater inlet to pick up the temperature of the fluid backflowing out during heatup.
Cyeling the start How valve to intermittently expose the outlet thermocouple to hot Hlud.
Use peessure as an indication of the start signal.

Bootstrap or assisted bootsirap start of which there are 3 variety of tachniques.

Any of these approaches required a change to the coatroiler, Additionally, an important
consideration was the differences in complanities between the vargus methods.

Tests wese candueted at MERDC on Ser No. 1 madified toe a start pumg gssisted boatstrap stase.
These were nat fully autosmatie starts but were manually awmisted. Thug data 13 peeseatad in Figuees
V118, VI-19, and VI-20. Thewe amylated starts are acceptable. A plot of pump pressure {pitat
BuME agairst that used oA Set Na. 1) va. peed (Figure VI-N) unplics that the pitdt pump will
Overcome the start pumo at sbaut 119 pei 3ag 31,000 e,
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These tests provided justitication to switch to a start pump assisted start approach using a pump i
with sulficient margin 10 provide the required pressure at 10 nozzles worth of tiow. A calculated '
flow value of about 0.1 gpm as a minimum woulid be necessary to be provided by the start pump. l
|
Two Wankel rotor pumps were tested; data is presented in Figures Vi-22 and VI-23. At the risk of :
being oversized, the P260 pump was selected due to the marginal head rise of the P183A1 pump.
The finished hermetic assembly is shown in Figure VI-24,
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SECTION Vii

SYSTEM DEVELOPMENT
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Vit. SYSTEM DEVELOPMENT

Unit No. 2 was tested as a womolete packaged system except that the ccatrol box was not insta'led
and an externa! power supply v.as used to operate the start sump and scveral parasitic loads. Figures
VIi-1 through VII-6 are varios . views of the 2' x 2' x 2’ system.

Thirty (30} tests were conducted at Sundstrand and sixteen (16) conducted at USAMERGC
iaboratories whivh form the Lasis of knowled 2 about the system at this writing. Throughout the
test program several <hanges were made ‘o improve operation, Figure V11-3 is a schematic which
represents Sundstrand post dun 017 tests while Figure VIE-7 i 1 update illustrating changes made
at USAMERDC imost of these changes were made prior to 6-20-75).

Test data is illustrated in Table VII-A (Sunds.and tests) with data analysis illustrated in Yeble
V1I-B. Table V!i-C lists data an J analysis conducted on the Set at USAMERDC. The results of these
tests indicate that the Set is not prodicing the required amount of output power. The foliowing
discussion elaborates on this resuit.

The changes made between B+ es VII-6 and VII-7 were an a'tempt tc. isolate possible heat shunts
to ascertain any effect on ot ower, These included the fcilowing:

Two of four condense: drains capped to induce the condensate to drain tnrougn two active
drains.

Hand valve instalied in the one of two active drains which dumps conde.sate into the hotwell
close to the exhaust housing.

The regenerator condensate drain closest to the regenerator vapor inlet port had a hand valve
installed.
The effect of these with and without the vaives open did not materialize in any obvious change to
the output power. In addition, the hotwell was modified so that condensate would drain through
the main hotwell into a modified hotwaell. This also had no noticeable change in output power,

Other diifer *nces between Figures V!!-6 and VII-7 are i\amediately downstream of the start and
pitot pumps to gain k.nowledge about automatic start characteristics.

STEADY STATE OPERATION

Figure VII1-8 summarizes the original design point performance. Review of the Tables VII-A, B, and
C indicates that tha daia falls into two categories:

Data at greater than des.yn turbine infet pressure (PN}
Data at greater than design turbine outlet pressure (Pc + AP =~ Pc 4+ .3}

This partly, but not fully, uxplains the low power. Other contributing areas are summarized as
foliows:
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Figure VH-1 Set No. 2 on Test Stand
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Figore ViI-3 Set No. 2 Right Side Panel Removad
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n (21 (3)

Set 1 Set 2 Design Pr.
Heater efficiency .88 82 - 84 .88
Regenerator effectiveness 80 69-.74 .855
Pitot pump ethciency 28 124- 165 .35
Turbine Efficiency 31 (1) (2} (3} .62
Heal Shunts Not considered ? 0

The quality of the data on Set 2 exceeds that on Set 1. Nonetheless, 1t appears that heater and
regenerator performance 1s dowan shghtly. This may be due to manutactuning QC tor the heater and
either core to housiag it and/or shghtly undersize for ths regenerator. These can be controlled

at the design levei and do not represent an R & D etfort.

The expectation tor 23% pitot pump efhiciency tor Set 2 was based upon the data obtained tor Set
1. This is shown in Figure Vil 9 along -vith a plot of Set 2 pitot pump power consumption, The Set
2 pitot probe was designed to be more cost effective than that ot Set 1. Theie ditferences are

elaborated upen 0 the improvements section,

The turinne performance of Set 1 was fow primanly due to the separation distance between the
naozeles. The etficiency of the turtine of Set 2 was investigated i several ways. The data of Tables
VIl 8 and V11 C shows turhine efficiencies based on shatt power {calculated from nieasurso gutput
power + rectifier and generator losses + parasitic losses » bearning and rotor windage losses) and
enthalpy (based on measured turbine inlet temperature and pressure). These mnge from 226 to
59.6% wirn the lower ethiciencies oceurning at higher than design turbine back peessure.

Figure /1110 1s a recording of Run 030 trom which the slope of the accelerating and deceleras o,
portions of turbine speed trace was used to determuine shaft power and predicted turtine efticiency.
This datd 15 summaniged 1 Table VIE-D from which the tollowing is evident.

Measurest m ang predicted m CP 29 agree
Calculated shatt logs and that based on output power generally agree

Gaiculated gt bated 0 geceleration/deceleration analyais agrees with the aveeage 1t calculated
from vutput power eonskdefing that flow to the turtine 15 cychng trom S 1o 2 nozzles to
Fantigutr twbine gpead at 58 ¢ 1 Krpm. Thus the turbine appears 10 be operating close o
predhieted though the spod trace scale makes qualit « andlyuis thl heulbr,

Yurtune etheiency depends upen tnlet conchtions, et contitions and degiee of admugn. A
thowe 1 Yable VIE D, tae partial admisiion etfect 1s ugntheant (2 noz ve. 5 Aoz nt).

A furthes analy s wes peftor med to determing if Bedt loss 1A the AA22Ie MusING was conthbuting to
lgw power output. Fxure VIETT o g sketeh liustrating possible heat tiow pathe. The tallowng data
At were telected Pecouwe TSy Fopromit o wide feage of turbuie wilet ofd Gutict coRditang
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Table Vit O Turbine Performance

.
Data
Point 030DP1  0300P2 Q280DF1  G290P2 028DP1 028 DP2
N 840 840 830 774 812 812
1} Accel 1.72 1358 1661 4L3 1.137 943
{1} Decel 94 1137 1.118 1.316 12 113
Atlp 2.66 2.495 2.716 1. 2337 2.074
Puy (5) 994 924 954 804 884 864
Pin (2) 959 944 1004 874 904 384
m (5) (E19) 0342 .0318 03276 03194 03076 03007
m {2) (E19) 0147 01443 01541 013712 01397 01367
{m) av (E19) 0244 0231 0242 .G2283 0224 0219
L) meas. 0284 3292 0363
Shatt foes w 1668 1680 2010 13ut 1700 1496
Shaftloss () w 1600 151% 1700 1819 1864 1863
. Pex psia 3.6 50 217 49 KR 38
ll HP g, meas. 3.60 144 415 214 128 282
HP ) €19 a6 318 353 293 i 303
HP (5, meas 126 126 17110 676 128 103
M HP L E19 117 V05 130 877 112 103
n (% 19 579 583 570 581 574 581
nti) E19 44 423 45 404 445 435
Avg Pred (*} 572 43 .38% 454 479 50
‘ NUTES
. {*) From Table 72
) (9] Indicate 9 nazeles wtve
° t3)  Indicate 2 rollice s2tive
(E19) 1t computer performance PrOgram dengnation
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028 2 Hotwell fiquid Jevel contacting turbiine housing
Oesign paint turbine outiet conditions

165 Hotwell hquid fevel = 0, tlow through into modifedt
& hotwell tholding tank atiached te bottom of hotwe
167 Design point turinne inlet condition

The objective of the analysis was to determine turbing ethiciency usir & st data ard considening

heat losses, to determine why the regenerator vapor inlet temperatiry iy 35 G0CF fower than it
should be and why the difterent hotwell higuid levels did not ma. - size m 2 agmncant change in
output power. 1t 15 wavth noting that Set 2 has produced up to 477 . atts net output power, but for

all the tests on the qaverage, net output powet 15 close to Zero.

Three heat transter analyses were conducted tne wet, partiglly cry. and dry cases to simulate the
tollowing condiiions respectively (1) hotwell hguid level contacting the nozzie plate, (2} hotwel!
hgud level below the nozele plate with the bearning dramage flowing down the tace of the plate and
(31 no hquid 1 the hotwell with the bearing drainage not contacting the face of the plate. Note that
iab experiments imply the beanng drainage flows down the face of the plate. Table VIHLE 15 a
summary ¢! this anaiysig for Run 030 1 which indicates that the wet case has approximately twice
the heat loss as the dry case, and the predominant 1oss 1s the heat flow 1o the wheel, Tehle VI F
ases these heat flows and spplic, (Fen to the vanous tests to determmne which case best regiesents
eath test, how the predicted regenerator vapor inlet temperature [TRVI) comgares 1o that measured
and what the real turbine efheiency s tactonng in heat losses. The asterisks o Table VI F andicate
the cases which typity 2ach test run by choosing the cawe that most clearly mateches measured
TRV For exathpie, the partially dry case best deseribes Bur 0301 since the caiculated TRV =
only 129F lower than that measured. The heat toss at the inlet of the turtine 15 small butis g factor
The corresponding turbine etf.ciencies compare well with the data of Tables VIt 8, €, and D. The
turbape ethicency of Run 016 s low due to the very g back pressure As the design jwint o
apgroached, the turbine efhaiency becoses igher and apgy caches that of Run 0301

Feom this, a prediction s magde Of the expected output power with the Coffeet design tuibine
cunditions and what Ray be expedtad it the perfosmance of certain companents 15 impraved For
this araryes, 1t 1y assufed that deagn pont eenditions afe aciieved at the alet gikd ewt of the
turbine (by reducing non comiensible leaks A1 the 1ow prassure side of the system) ad that Neat
losaet can be redueed 1o the diy case. Addittonally | the genefator amd rectibier lotses are tahen a3
the wors! posaible case (would be tower uang TRW data, referenes Fioure VI T3 ard paraoitins ate
takch as the Righest measurod {fange ~ 366 -60F watts! 1115 fusther aaaed that the feduetion
Beal 10wy 1 the wheel only apfoves shiaft gowet adireesty throulh greater fagiofation dA® the

apslity of the systemt Ko SuKFt SFeater mgsa flow

Thus, the fooults OF Bus gRalyus, fsreseited wr Talke VI G, ofe conservative amd ispply the
futlowing

With o S8 gt 850 walts i3 the MU Powdf that can be espectod out of Set 2 a. deug
Bt cocdhitioa.

The oficet af Beat wes 15 HOt ugnfigant

The pitat pure 13 the Gragtest cORtrEter to low Buthul power
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Table VI1-E Heat Loss Summary (Run 02041)

Run 030 conditions

723 1b/hr

m -
TNI = BAQCF
- PNI = 974 paia
' Pe = 3.6 4.00p%a

Scavenging Lossis) - 410 8/he

Partially
Wee Oy Dy
infet Gas —eIniet Hsg. (G in) 509 398 342
Exh. Gas —» Exh. Hsg. 10, exh) 119 N 38
Hot Gas —e Wheet (Q ) 2397 1158 308
Disc Friction (D) 670 670 670
Pumping (P) _.EE_)‘ l?_S_ .1_22.
Toial Loss fram Exhaust 34820 8/hr 2422 B/hr 1484 &/
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Run 030-1 . Partial Adm. losses & pacuial tire rate
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Reducing the heat loss and increasing the periormance of the regenerator, pitot pump and
heater will bring output power to 1.2 — 1.6 KW at a 10.4 ~ 13.9% thermal efficiency.
Higher output power may be obtained by more tuel through-put.
|
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Vi, IMPROVEMENTS

STARTUP
Automatic startup was not achieved on Set 2. This was due to two factors:

1) Too high a degree of flow trom the start pump which precluded enough temperature rite in the
thud peior to pitot pump takeover,

2)  Possibde takeover by the pitot pump at too low a turbine speed andior at too low a working
flurd temperature.

These conditions caused the system to reach a bootstrap equilibrium point at a temperature below
the critsical point, at a flow above the design point and at a speed below rated.

The stazt pump 1s oversized and needs to have 113 output reduced to ettect a bootstrap start that s
compatible with the fluid heat input and turbiine/pitot pump dynamics.

OUTPUT POWER AND EFFICIENCY
As the discussion in Section VI indicates, these factors relate to several components.

TURBINE: The turbine appears to be operating close to design though low by several pomnts.
increasing the lap ratio would attow mare optimnum entry of the gases into the blade passage. Design
point etficiency of this same turbine with o Migher lap ratio has been aehieved oa the Remeom
program.

REGENERATOR On Set 1 the regenerator showed better pertormance than on Set 2 The
construetton 18 that of a eore shpped 1110 a Fousing, The implication & that there may be a
sigimfreant amount of side leakage around the core on the Set 2 regeneratos that did not exist on Set
1t Tighter dimensional eontrol, investigatios of thermal fatique/exparsion characteristies and
inproved design quahity should inerease the effectiveneis 1o the design value.

HEATER. The heater etficieney 15 also lowee thars that of Set 1 and g few pereentage patnts lower
than deagn. Fundamentally, a hin tube heates wouid be moce reprodueible than the resent B 8
design. The design pont effieieacy 1 a hiatube design 19 achievable 10 the wume volume and at
redueed werght in the 8 8 wype.

FARASITICS: The efficieacy af the constant frequeney matdr feduced pafaatics by a net of 50
watts factasiag 1A the incregsed power of the quieter constant frequency gearbox. Further reduction
ean be achieved particylarty it a ungle varable speed MmOter 13 uied 10 SuPEOFt all Parguities Fathef
than the precent varialile okl 2anstant spoed MOtGHs each driving selected poraditi devices.

EFFICIENCY la cummariding the efficiency that ¢an be expected with cAothcs geacration of
Rardware, oM Seetion VI it 18 seen that UROIGYements it Redt loss eoRtral, petot pymg efficiency,
regeieratoe offeetiveness and Redter efficumney will yield 1.2 — 1.8 KW at 104 - 13 9% thesmal
efficicney. Furthoe iMOMONVGReAt Mgy olth Le mdde by creasiny turtene 1P ratio aAd redueing
faaranitic losscy.

PITOT PUAP.  The oniginal prediction of (NGt Bumo porformance was 35%, that Gbitaiiat oa Sot
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1 was 28"% and lor Set 2 was about 15-16%. Figure VIl 1 Hustrates the ditferences between the
Set 1 and Set 2 probes. The probe for Set 2 was constructed in such a way as 10 be less expensive to
tabricate. in so doing, several characteristics, such as the leading edge, X sectional symmetry, and
inlet qerometry ol the nose changed. The housing cavity s also dhiterent. 1t 13 hypothesized that
probe drag, recircu s n and/or sidewall etfects of the housing are inducing excessive losses,

An investigahion was Mmade to determine 1f the theoretical probe drag losses are consistent with
achieving the oniginal etticiency predictions which were obtained using scabing criterta, Table VIIT A
15 g summary of measured power, predicted power and drag losses as g tunction ot drag coethcient
Literature tor streambhine struts and touls indicate a Cp - 009 is common which results in a povwer
loss o1 63 w. Adding extra drag for the nose (CD - .1 considening as & scoop) increases the power
foss to 188 w including the centrifugal seal loss. This does not include recirculation, sidewall eftects
and internal inlet drag and 18 less than a 35% pump would permat (a total power of 215 wi
However, the proximity of sidewalls can push CD to .1 and in this case drag * 680 w which 15
comparable to that measured on Set 2.

This dhscussion indicates that there are geometric explanations tor the higher Set 2 pitot pump
power 1oss. To reduce the losses to that ongmnally predicts:t s reabistic but will require
experimentation with the variables to arrive at the desired pumn efticiengy.

NOISE  While sigmificant unprovement was made in gearbox emitted noise, the CRU 15 still the
inajor noise producer. Although between Set 1 and Set 2 the noise level wes reduced {stittening the
hotwell). 1t 15 not sutficiently low to meet the noiseless 100 meter requirement. The reason s
largely due to all the resonances of the hotwell not being elvninated. Thus, the hotwell responds to
the rotational disturbance of the turbing assemnbly. Further improvement could be made by
reductig the input disturbance. This would require improving the hylance ot the rotating assersbly
by balancing n the operating speed region. Sundstrand’s Remeom power plant 8 an example of o
very gquiet fnachine. 1t s heavy but nonetheless attests to the soluhion approgeh of stiftening the
hotwell as the mathod to preclude responding to the one-per rev of the turbine rotating asseinbly
Mimimal weight increase would be sncurred by using ribs, better mount arfangement, ehmination of
Hats ua the hotwetl wiugh eanity detlect, and 3 noa cantilevered mounted turbens rotating assembiy
to channate 1ts own selfinduest vibration.

SO0OST PUMP  Between Set 1 and Set 2 an imiproved Ra0st pumy was developed, however, there
are eireurmstances where Boihng oceurs as the eodenssr overcaols the condensste durnng transient
pefiods. Even the Set 2 Doost pump will eavitate 1n these Qrevmstances. Sundstrand Res developed
for Rereorn o boost pump capable of handling boihag CP &5 Trhis 1s o nomial 10,000 rpm
centnitugal pump which Ras to date excecded 8000 hours of opwannn and dernoastrated ity
Ategrity  TrRis pusap s wdeally sited (0 the MERDC 1.5 KW uait since 1115 denghed 1or eamparable
Hows aRd Pressufes.

OTHER  (aher areas of inprovement wefe preseated in the Ser t Fiaal Repaet, ATR 1182, dated
6 24 74 Many of thew: wete ROt 1600FPOFated 1ato Sct & sad reciain valid,

CONTROLS The controllers umed for Umits | angd 2 were dosgied (o Moot the foquitereats at
the spocifigation IRGWBLAG use of peeferfed parts. To fwel the coeuit feduifefRentsS aver the
gpetihiod toMGefatufe faRge A cAVHOAMGALE! COALBIGNE, 1t b RO RECERRIrY 10 uee the prclorrod
ticf & of the spoctfation

The tollow:ag dissussion of o Smplifcd coAtFollor COAtErs GA CiFauts thgt wers chuxch 10 Feslute
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Table VIIE A Pitot Pump Charactenstics

MERDC EP2559
1148 5969
WUNIT 1) (Ul T 2)

MEASURED EFFICIENCY (%) 28 156
Power (w) 470 8B40
Hyd. work {w) 130 130
P Hyd. wk {w) 340 o
Cent. Seal Fst. (w) 32 R
Drag + Recirc. Losses (w) 308 678

PREDICTED EFFICIENCY (%) 35
Power {w) 377 @4 SYS - 10%
Hyd work (w) 130
P Hyd wk (wl 247
Cent Seal Est. (w! a2
Drag » Recirs. Losses (wl 218

PROBE PREDICTIONS

Vel Range {ft/tec) 50 00
Np Range 2.6!105 g 2l
Cent. Sear Loss {w) 2 32
Drag @CQ* 009 (w) 63
@ Cp - 080 (w) 440
@ CD - 100 fw? 680
@Cph- 009 + 03 Nose (w) 100
@CD— 008 » 1 Nose {w) 1838

*Propaual Prediction = 330w
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the averall parts count and ineet the operationat requirements. They are suggested circuits and have
not been buiit and tested. In edihition, they ao not always use the military preferred parts bist since
this hist lags the state of the art and, theratore, 1ts use may induce less than deal design.

The controller biock diagram s shown in Figure VI 2,

The auxiliary reguiator can use a precision 1.C regulator instead ot zener chode and op amps. The
output stage can remain the same. The tnangle generator output could be shared by both the

auxthiary anid main regulators.

The manr galternator regulator uses an 1.C. regulator tor error amplification and reterence voltage
source A comparator sums the output of the regulator and 4 ramp generator to produce a PWM
signal 10 dnve the held. The held driver circuit can remain the same,

The current lunit circuit uses an F.E.T. as a variable resistance to lower the reference voltage commng
from the valtage adjust pot. The current himit approxsmates a constant power siope.

The new requlator circuit as shown in Figures VI3 and VIS4 his 35 parts comparerd to the
previous design of 68 parts,

The proposed temperature reguiator circut uses the same block diggram approach to the control
loop a- the existing circunt, I deviation trorn the preferred parts List s allowsd, Cmos and
opticat 1s0lators can be used, smplitying the VCO ar 4 one shot cirewmny (Figure VIill ). The input
amphtier wilf remain the same, an LC mstrument amphihar. The transistor output stage can be

simphtied f Dartingtos transistors are used,

Three approsches to the control foop can be taken. A bangbang loop would be the fastest and
sunglest orcuil. Response 1o temperature changes would be inmediate and huigh accuracy can be

sefieve! A Fang banyg loop may cause thermal stresung of the Hud,

A sweond method wheh de s not cause thermal stressing 1 a linear proportional 1o0op. In order to
make this 1oop stable, tong wie eonsiar 13 woule b required which would also make 12 a slow loop
Dueing 1oad apphieation, termperature uhdershigot would oceur and dunng luad remeva:, avershoot

would oeeur

A thrd method would use a Iresr BIOPOFLAREL Gop with 10ad Ccompensaton  Aiternator 0
would Ue sensed, and load change wauld Be iasested 1o the RBeates l0P 0 weed Ui the Fegpodw

Of the above methods, the first one would save the Mot Parts and the thard one the legat The hirst
hethod would save 30 parts, the secand aperonimatety 20 party and the third appromimately 18
parts Analyan sl eepertmeatation would Di ReCetsaty to ideatify the sptimumm trade ott

With Cmios crewitiy ussd eatensively = this degign, the +8 volt power supply will not be secded
The £15 and -15 v could be pravided Dy pre Backaged power suppdws. The (i vseat deadnt utre 42
arty for the three oW suppbiea. THS would be reglaced By 1w posdr sudety madules

The battery chare will romain the e, The way it 1o gttaehed 1o the Battery s \aawts 1 Fgure
Vil &

Due to the preecnl methand of starting the turtuse, the comtrQile do ROt noed ghy wduncing of
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time delays. One main latching circust can control all power coming into the controller. This would
consist of two power relays that have contact ratings compatitie with the start pumn and fan motor
current requirements. The logic diagram 15 shown in Figure Vi 7.
The speed contro! and overspeed satety circuit wall remain the same except thas Crmos will replace
tha TTL legic.
The constant fraquency inverter can remam a packaged purchassd averter or incorporated mto the
conirols deperding upon the cost trade-off, ?
The start pump control circuit which allows for starting the pump maotor witl remain the same, i ;
The mair Aternator rectifier filter corcurt will also remain the sarne as the currerst Unit 2 controdter. g i
REPACKAGING CONCEPT § i
22 . i
k- S
The exasting 2 x 2' x 2" package can be developed 1nto a viable highly efficient power supply, p: : :
however ttis not the optimam package. Evidence trom davelopment data to date includes. 3 o
N i
Noise ermitted by condenser fan. ‘ ;
§ s
. May not need both constant and vatiable frequency mechameg! circuits, In fact, 1115 desirable 3‘ !
to have condenser coolant tan speed tollow wotking flur How rather ther run at constant E i
3 i
2oy
For increased operating margin, the buost pump should have more beuid head ’ i ‘!
' N ]
; The burner operates better oxtended away from the heater rather than bueied. H
. y o

A repaciaged unit would be 3.5 « 1.8 x 1.5° and s shown conceptually 1a Figure Vi 8 There s
i na volume or wetght 1nereass (eurrentiy § ft" arkt 210 pounds). Further development at a bootstrap
start, simphified controls and umphhied aceessary drive should reduces the parts count, waight, and
cott, The repsckaging eftort wili reduce nasse and unprove mechancal operatiun
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SECTION X

CALIBRATION REQUIREMENTS SUMMARY
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IX. CALIBRATION REQUIREMENTS SUMMARY !
i
The calibration requirements sumenary estabiishes for the measured parameters the tracsability of i |
measurement trom the operational equipment to the standards of the National Bureau of Standards. : t
]
Table 1X A lists the parameters measured for which traceability s provided with the following !
records. Table 1X B deiineates thermocounle cahibration. '-
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Table IX-A  Traceahility and Hecord | dennitication

Parameter

TN
TRO
TRVI
THWL
TVO
THE
TRVO
TRi

Qt
Qr
Qsp

PNL
PC
PO
Pi\

Description

Temperature nozzle inlet
Temperature regenerator hguid out
Temperature regenerator vapor infet
Temperature hotwell hquid
Temperature vaporizer out
Temperature heater ¢xhaust
Temperature regemeralor vapor out
Temperature regenerator hguid injet

Flow gconomizer
Flow regenergoor
Fiow boost puimp

Pressure no2zle inlet
Pressure condenser
Pressute boost pump out
Pressure bearing iniet

* Used only duning No spun checks {(PVOI

NOTE.

1D Number

0775100K
0775074K
0775062K
0775099K
0775103K
0775078K
0775087K
0775085K

FL 205
FL 308
FL 227

PT 204 & PT 160°
PT 754 & PT 423
PT 232& PT 760
PY 186

The standard guality control peniod betwesn cahibrations 1s.

26 weeks for pressure transducers from the tirme of witial

Lse after cahiDration

20 weeks tor flowmeters trom the ime of iihial use after

calibration

B2 weoks tor thesmocenugiles oM the time of iatial use after

cahibeatiun

The test (use) penod was from 121 76 through 4 18 75,
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Table 1X-8  Thermocoupte Calibration

Range: 0°F to 2400°F
Calibration date: Month 7, Year 1974
Usabie period after calibration: 1 year
Instrument calibration: Model 1 8 x 12 K
Calibration points: ~ 32.0 + 5 0OF
186.4 + 59°F
1761.4 + 13.2°F

Type - K

Type thermocouple. Chromel - Alumel
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NOTE: The following calibration steps are to be performed only if the above checks were found out

of Specs.

-—h
cCw®m~New;m

11,
12.
13
14
15.
16.
17.
18.
19.

21
22.
23

Butler Aero Adjustiment.
Bias Current Adjustment.
Referunce Voitage Adjustrment.
A-D Zera Adjustment.

+ Cal. Adjustment.

Ladder Cal.

Negative Cal. Adjustment,
Remainder Adjustment,
Comparator Lave! Adjustment,
RMS Range Amplitier Zero.
Batance Amplifier Zero.
Balance Gain,

AC Zero.

Calibration Adjustment/Check.

Coarse Calibration.
Butter DC Calibraron,
Active Filrer.

Kilohms Calibration.
Ohms Cahibration.
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- This report describes the design, fabrier tion and tesz of components wbsystems and organic Rankine Cycle
Power Plant  Oesign poiat nat output power is 1.5 KW at 28 V.O.C. Power is produced by combustion of
an alrftuel mixture snd transferring the tharma! energy to C2-25, the working fluid, which is expanded
through 8 turbing. The Sirbing le part of » turbo-diternator which also pOwers intinal S0CesOry COMpONents.
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RANKINE CYC.E
WORKING FL 1D
GENERATOR
ALTERNATOR
TURBINE
BEARINGS
PITOT PUMP
GEARBOX
NEATER
VAPORIZER
ECONOMIZER
REGENERATOR
CONDENSER
80JST PUMP
HAND PUMP
DIGITAL CONTROL VALVES
VAPOR SKUTOFF VALVE
CONTROL SYSTEM
COMBUSTOR
AIR/FUEL SYSTEM
FUEL METERING PUMP
ATOMIZING AIR COMPRESSOR
f MAGNETO
! CONDENSER FAN
AIR BLOWER
ACCUMULATOR
. ALTITUDE COMPENSATING VALVE
: START PUMP
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